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ABSTRACT 

Template driven chemical ligation of fluorogenic 
probes represents a powerful method for DNA and 
RNA detection and imaging. Unfortunately, previous 
techniques have been hampered by requiring chem- 
istry with sluggish kinetics and background side re- 
actions. We have developed fluorescent DNA 
probes containing quenched fluorophore-tetrazine 
and methyl-cyclopropene groups that rapidly react 
by bioorthogonal cycloaddition in the presence of 
complementary DNA or RNA templates. Ligation in- 
creases fluorescence with negligible background 
signal in the absence of hybridization template. 
Reaction kinetics depend heavily on template 
length and linker structure. Using this technique, 
we demonstrate rapid discrimination between 
single template mismatches both in buffer and 
cell media. Fluorogenic bioorthogonal ligations 
offer a promising route towards the fast and 
robust fluorescent detection of specific DNA or 
RNA sequences. 

INTRODUCTION 

There is tremendous interest in the use of fluorogenic re- 
actions for detecting and imaging nucleic acids, especially 
specific DNA and RNA sequences (1-6). Applications 
include time-resolved imaging of transcription, detection 
of disease-related single nucleotide polymorphisms, and 
tracking RNA fragments such as microRNAs (7-10). 
Despite advances in the use of molecular beacons, 
aptamers and antisense agents, the rapid detection and 
imaging of oligonucleotides in live cells and physiologic- 
ally relevant media remains challenging. Current methods, 
although powerful, suffer from numerous drawbacks. 
Molecular beacons require lengthy constructs, are 
prone to background turn-on reactions owing to non- 
specific binding, and have difficulty discriminating a 
single mismatch in the physiological conditions and 



temperatures required for live-cell reactions (1,3,5,11,12). 
Additionally, by their design, molecular beacons require a 
trade-off between selectivity and speed and are likely 
limited in monitoring temporal dynamics (7,9). Other 
approaches that use RNA-binding proteins or 
fluorophore-activating aptamers require large oligo- 
nucleotide tags or proteins that may severely influence 
the distribution of cellular RNA and are likely not 
amenable to monitoring small RNA fragments (11-14). 
Although alternatives such as binary, forced intercalation 
and echo probes provide solutions to some of these 
problems, there remains a significant need for rapid and 
robust methods to visualize specific oligonucleotide se- 
quences (15-17). 

One particularly useful method for detection of specific 
nucleic acid sequences has been the template-induced 
covalent ligation of two reactive DNA fragments 
(13,14,18). This approach benefits from the use of small 
probes, and the ability to detect specific native sequences 
while discriminating single base mismatches. Pioneering 
work in this field resulted in the development of various 
reactions, including imidazolide-activated nucleosides 
(18,19), condensation agent-mediated coupling (19-21), 
native chemical ligation (20-22), amine/aldehyde 
coupling (22,23) and reagent-free self-ligations 
(autoligations) between phosphorothioates and electro- 
philic groups (23,24). In a seminal study, the Kool 
group coupled template-driven chemical ligation with 
loss of a fluorescence quencher enabling imaging and de- 
tection of specific sequences (24). Following this work, 
several groups have developed schemes to adapt 
chemical ligation to fluorescent-based imaging and detec- 
tion (25-31). The ligation of short (7-1 5 nt bases) may be 
particularly relevant for detecting and imaging 
microRNAs, which are typically of short length and 
would be severely impacted by the use of large aptamer 
or protein-binding RNA tags. However, previous ligation 
reactions have been hampered by slow kinetics and 
autohydrolysis, often relying on nucleophilic/electrophilic 
reactions, which allow cellular or solvent nucleophiles to 
compete for reactivity (25,32). 



*To whom correspondence should be addressed. Tel: +1 858 534 9582; Fax: +1 858 534 9503; Email: ndevaraj (<iucsd.edu 
© The Author(s) 2013. Published by Oxford University Press. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial 
re-use, please contact journals.permissions@oup.com 



el48 Nucleic Acids Research, 2013, Vol. 41, No. 15 



Page 2 of 9 



/ a \ I I I I I I I I I I I I I I I 

i , i ■ 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

I , 



N A^A N A 

H H Tetrazine 

H 

o^n^- 0 y n V Cyclopropene 1 

0 

Cyclopropene 2 



o 

X. 



(b) 



i i i i 




(c) 



Template strand: 

5'-TTG ACG CCA TCG AAG GTA GTG TTG AAT-3' 



3'-AAC TGCGGTAGC 
13merFI5'tetrazine 




CAT CAC AAC TTA-5' 

1 3mer3'cyclopropene 



Figure 1. Antisense oligonucleotide probe design, (a) Modified DNA ligation reaction scheme, catalysed by hybridization against a template strand, 
(b) Actual reactant structures with linker lengths illustrated, (c) Sequences of the template 27 mer strand and the corresponding 13 mer DNA probes. 
Probe truncations (to 7 and 5nt) and template extensions (in the gap region) are indicated in the main text, (d) Structures of tetrazine and 
cyclopropene reactants used in this study, (e) DNA model of the ligated probe product structure, showing the relative length of the resulting 
loop, as it connects across a single nucleotide gap in the template of a generated ideal B-type helix. 



We and others have recently explored the use of 
fluorogenic tetrazine cycloadditions to image small mol- 
ecules in live cells (33-36). Tetrazines can quench several 
fluorophores through what is predicted to be a resonance 
energy transfer mechanism (37). On tetrazine reaction 
with dienophiles such as norbornenes, mmv-cyclooctenes 
and cyclopropenes, the quenching is removed, and a sig- 
nificant fluorogenic effect is observed. This phenomenon 
has been used to image the intracellular distribution of 
small molecules such as taxoids, kinase inhibitors, unnat- 
ural amino acids and lipids (33,38-40). Tetrazine 
bioorthogonal cycloadditions benefit from rapid tunable 
reaction rates and high stability against hydrolysis in 
buffer and serum (41^43). Furthermore, tetrazines act as 
both a fluorescent quencher and a reactive group, 
minimizing the complexity of fluorogenic ligation probe 
design (Figure 1). Based on these properties, we developed 
an oligonucleotide-templated fluorogenic tetrazine 
ligation approach for the rapid fluorescent detection of 
specific DNA and RNA sequences. 



MATERIALS AND METHODS 

Starting materials 

All chemicals were received from commercial sources and 
used without further purification. End-modified DNA 
oligonucleotides were purchased from Integrated DNA 
Technologies, Inc. (IDT) and used after HPLC purifica- 
tion, lyophilization and resuspension in ddi H 2 0. DNA 
and RNA templates of 27-37 nt length were purchased 
from IDT and used on resuspension in ddi H 2 0 without 
further purification. Synthesis of the cyclopropene 
and tetrazine tags is described in the Supplementary 
Information. 

DNA template: 5'-TTG ACG CCA TCG AAG G[T]A 
GTG TTG AAT-3' (linker region underlined, single 
mismatch position in brackets); 13 mer F15'tet: 
5'-tetrazine -/5AmMC6/ /iFluorT/ CG ATG GCG TCA 
A-3' (modified nucleotides indicated following the manu- 
facturer's nomenclature); 13 mer 3'cyclopropene: 5'- ATT 
CAA CAC TAC C /3AmMO/ - cyclopropene-3'; 7 mer 
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3'cyclopropene: 5'-CAC TAC C /3AmMO/ - cyclopro- 
pene-3'; 5 mer 3'cyclopropene: 5'-CTA CC /3AmMO/ - 
cyclopropene-3'. 

Modified oligonucleotide synthesis and characterization 

Probe linker length was chosen on first confirming that 
ligating partner connectivity is possible across several 
probe gap lengths, based on a model structure. PolyA- 
polyT DNA double helix (using B-DNA torsion angles 
at the C2'-endo sugar-backbone) was generated by 3D- 
DART web server (44) and was used as the initial 
backbone for further modelling using Maestro 9.3 
(Schrodinger LLC, New York, NY, 2012). Final reacted 
probe structures were initially built in manually, fol- 
lowed by several rounds of energy minimization of the 
selected added structures using the OPLS_2005 all-atom 
force field with default parameters (45) for up to 1000 
iterations per round until the RMSD between iterations 
of <0.1 A was reached. Representative model with a single 
nucleotide gap between the hybridized probes is shown in 
Figure le. 

Amine-modified oligonucleotide sequences at selected 
terminus were modified by reacting with excess 
cyclopropene or tetrazine carboxylic acid NHS ester in 
50 mM sodium bicarbonate buffer containing 
100-1000 mM NaCl. Main product formed without sig- 
nificant side reactions. Cyclopropene or tetrazine 
carboxylic acid NHS esters were dissolved in dimethylfor- 
mamide at 100 mM concentration, and added at 5x excess 
to the aqueous reaction solution containing 0. 1-1.5 mM 
oligonucleotide. On partial reaction or NHS ester hy- 
drolysis, another 5x excess was added 30-60 min later, 
and the process was repeated until no more reactant oligo- 
nucleotide was detected by HPLC. 

Oligonucleotide detection by HPLC was done using 
Agilent 1260 Infinity LC/MS system with Phenomenox 
Oligo-MS 150^1.6 mm column. About 20pmol samples 
were injected and eluted with a gradient of 6-18% aceto- 
nitrile in 5mM ammonium acetate at pH 7.25. 

Final prepared oligonucleotide molecular weights were 
confirmed by MALDI-TOF MS using a Biflex IV system 
(Bruker Daltronics). Oligonucleotides at ~50uM were 
mixed with equal volumes of 3-hydroxypicolinic acid 
(3-HPA) matrix. Each construct molecular weights were 
located at the main m/z peaks. Representative spectra 
are shown in Supplementary Figure SI. Ligation 
reaction product weights were determined by time-of- 
flight mass spectrometer (TOF MS) on separation by 
LC using the same gradient elution described earlier in 
the text using a 6230 TOF MS (Agilent Technologies). 
Detected ligation product molecular weights are show in 
Supplementary Figure S2. An example HPLC reaction 
(Supplementary Figure S3) shows the typical ligation 
reaction on completion, with overlaid reactant elution 
peaks using Agilent Technologies 1260 Infinity LC/MS 
(equipped with a 6120 quadrupole MS ionization-spray 
detector) with the gradient elution described earlier in 
the text. 

Melting temperature of probes and ligation products in 
hybridization buffer [50 mM MOPS (pH 7.5), 250 mM 



NaCl] were measured using a Beckman-Coulter DU 640 
spectrophotometer equipped with a high performance 
temperature controller and micro auto six-cell holder. 
Samples at 1 uM concentration of each oligonucleotide 
were heated to 90°C and slowly cooled to RT over 
1-1.5 h before the measurements. Melting temperature 
values were obtained by cooling samples from 90 to 
20°C at the rate of l°C/min and measuring at 1°C incre- 
ments with each read averaged >1 s. Data were fitted to 
the first order derivative by using the manufacturer's 
software, and resulting values are compiled in 
Supplementary Table SI. 

Ligations of modified oligonucleotides 

Tetrazine and cyclopropene-modified oligonucleotide 
probes were ligated in the presence of a DNA or RNA 
template at a 1:1:1 ratio. Reactions were done in varying 
solution and temperature conditions, as indicated. Main 
hybridization buffer was 50 mM MOPS at pH 7.5, 
250 mM NaCl. Ligation reactions with a mismatched 
DNA template were performed in 5 mM MgCl 2 (final con- 
centration on accounting for the presence of EDTA) in 
standard lx Tris-borate buffer [purchased as lOx 
UltraPure TBE formulation from Invitrogen: 1.0 M Tris 
(pH 8.4), 0.9 M Boric acid, lOmM EDTA]. 

Tetrazine stability was tested by taking Nanodrop 
UV-Vis absorbance measurements over time. 
Characteristic tetrazine absorbance peak intensity at 
520 nm was measured by first subtracting the background 
level intensity at each point, estimated as the trendline 
between the intensity levels immediately preceding and 
following the tetrazine peak. Tetrazine and cyclopropene 
modification analogs used for this reaction are indicated 
next to the corresponding data trends in Supplementary 
Figure S4. Reactions were done in the standard hybrid- 
ization buffer at room temperature of ~22°C at 1 mM 
tetrazine and 10 mM cyclopropene concentrations. Data 
for the tetrazine-cyclopropene reaction were fit to a one- 
phase exponential decay of the tetrazine absorption peak 
using GraphPad Prism 6.0a for Mac (GraphPad Software, 
La Jolla, CA, USA, www.graphpad.com) by the following 
relationship: y = (y 0 - y p iateau) * exp(-k obs * x) + y plateau . 
Data were fit without value constraints. The resultant k obs 
values were converted to the second-order rate constants 
(k 2 ) as: k 2 = k obs /(cyclopropene) 0 . Reaction half-times 
were calculated as t 1/2 = l/[k 2 *(cyclopropene) 0 ]. 

Ligation reactions were done in standard 96 fluores- 
cence well plates (with data compiled in Table 1) using 
SpectraMax GeminiXS (Molecular Devices). 
Temperature was set and controlled by the instrument. 
Where indicated by standard deviations, experiments 
were performed multiple times. To avoid any secondary 
structure artifacts, DNA or RNA template with added 
tetrazine probe was first heated to 90°C and crash- 
cooled on ice for 2 min right before the experiment. 
Each well was filled with a total of 100 ul of reaction 
solution, and reactions were timed from the addition of 
the cyclopropene probe as the last step before starting the 
measurements. Wells were scanned every 20-60 s (depend- 
ing on the speed of the reactions and the number of 
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Table 1. Reaction rates of DNA and RNA templates in varying temperature and media ionic strength conditions 



Template 


Cyclopropene 


Rxn conditions 


'■/, (s) 


27 mer 


13 mer 3'cycpl 


250 mM NaCl, MOPS' 1 


36 ± 2 C 


27 mer 


7 mer 3'cycpl 


250 mM NaCl, MOPS" 


130 ± 40 c 


27 mer 


5 mer 3'cycpl 


250 mM NaCl, MOPS" 


9700 ± 500 c 


27 mer 


13 mer 3'cycp2 


250 mM NaCl, MOPS" 


1900 ± 100*-" 


27 mer 


7 mer 3'cycpl 


C-DMEM, serum" 


240 ± 80 


27 mer n = 1 mism. 


7 mer 3'cycpl 


C-DMEM, serum" 


1000 ± 90 


27 mer 


13 mer 3'cycpl 


5 mM MgCl 2 , TB b 


29 ± 2 


27 mer n = 1 mism. 


13 mer 3'cycpl 


5mM MgCl 2 , TB b 


59 ± 6 


27 mer 


7 mer 3'cycpl 


5mM MgCl 2 , TB b 


161 ± 2 


27 mer n = 1 mism. 


7 mer 3'cycpl 


5mM MgCl 2 , TB b 


4000 ± 200 


27 mer 


7 mer 3'cycpl 


C-DMEM, serum b 


152 ± 7 


27 mer RNA 


13 mer 3'cycpl 


250 mM NaCl, MOPS b 


40 ± 3 



Regular buffer conditions were maintained at pH 7.5 with 50 mM MOPS. TB denotes Tris-Borate buffer. 
"Experiments were performed at 25°C. 
b Experiments were performed at 37°C. 

"Standard deviations were calculated for experiments done in triplicate, otherwise, error was estimated from the fitted values. 



cyclopropene + tetrazine 
DNA template: 



+ 




columns of simultaneously measured data) by using 
485 nm excitation and 538 nm emission monochromators 
with the emission cutoff filter at 495 nm. Control reactions 
without template were done in parallel each time. Buffer- 
only containing well intensities were subtracted from the 
measured raw data before analysis. Data were analysed 
using GraphPad Prism 6.0a by applying an exponential 
fit of a one-phase association to each curve where fluores- 
cein signal during reaction was measured, to determine the 
fitted k obs values from: y = y 0 + (y plateau - y 0 ) * [1 - exp(- 
k obs *x)]. Reported half-times (t 1/2 ) for 1 uM reactions were 
calculated as: t 1/2 = ln(2)/k obs . 



RESULTS AND DISCUSSION 

For ligation partners, we required a tetrazine-dienophile 
pair that would not appreciably react at micromolar con- 
centrations for a period of days, but when brought into 
close proximity by an oligonucleotide template, would 
react rapidly and produce a fluorescence signal. Based 
on preliminary experiments, we chose to explore the 
reaction between methyl-terminated tetrazines and 
methyl-cyclopropene dienophiles (Figure lb). For the 
fluorogenic tetrazine probe, we synthesized an asymmetric 
methyl-tetrazine from an alkyl nitrile and hydrazine using 
a recently disclosed metal catalyzed reaction (46). Previous 
work has demonstrated that methyl modification lowers 
the reactivity of tetrazines while simultaneously greatly 
increasing their stability in physiological media (47). We 
appended the tetrazine to the 5' position of a 1 3 mer oligo- 
nucleotide using an amide coupling reaction. Adjacent to 
the tetrazine, we included an internal fluorescein off a 
terminal thymine base (Figure lc and e). Despite the flex- 
ible linker distance between the resultant tetrazine and 
fluorescein, significant quenching was observed. For the 
dienophile probe, we appended methyl-cyclopropene deriva- 
tives at the 3' end of oligonucleotides owing to their 
moderate reactivity, high stability and small size (Figure 
Id). We have previously shown that methyl-cyclopropene 
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Figure 2. Fluorogenic template driven probe ligation. Fluorescein 
fluorescence signal is quenched in the presence of a tetrazine modifica- 
tion on the oligonucleotide probe. Fluorescence scans were done before 
(red) and after (blue) the reaction of 27 mer DNA template with 13 mer 
F15'tet+13 mer 3'cycpl in 250 mM NaCl, 50 mM MOPS buffer 
(pH 7.5). Emission was scanned on excitation at 480/5 nm. Insert 
shows UV irradiated 1 micromolar solutions of fluorogenic tetrazine 
and cyclopropene probes in the absence (— ) and presence (+) of oligo- 
nucleotide template after a 5min incubation. 



derivatives are stable reaction partners with fluo- 
rogenic tetrazines (40). We compared a reactive methyl- 
cyclopropene carbamate (cycpl) and a less reactive 
methyl-cyclopropene carboxyamide (cycp2) to study the 
influence of intermolecular reactivity on oligonucleotide- 
templated intramolecular reaction rate. Reaction of the 
tetrazine probe with the cyclopropene probe in the 
presence of a DNA template led to a 9.3-fold increase in 
the peak emission intensity (Figure 2). The quenched 
tetrazine probes are extremely stable in buffer and cell 
media at room temperature and 37°C (Supplementary 
Figures S5 and S6), in line with previous reports on 
related methyl-terminated tetrazines (47). 

The DNA template was optimized with respect to the 
template nucleotide gap length between the ligating 
tetrazine and cyclopropene probe binding sites. Based on 
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(a) 5'-TTG ACG CCA TCG A[A]xG GTA GTG TTG AAT-3' (c) 5'-TTG ACG CCA TCG AAG G[T]A GTG TTG AAT-3' 
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Figure 3. Effect of the probe and template structure on tetrazine ligation reaction, (a) Probe binding site separation affects the apparent reaction 
rate. DNA templates (shown above the data graph) with increasing polyA insert between the probe binding sequences were compared by reacting 13 
mer F15'tet+ 13 mer 3'cycpl in the hybridization buffer at 25°C [250 mM NaCl, 50mM MOPS (pH 7.5)]. The number, x. of inserted nucleotides are 
indicated following each fitted curve. Apparent reaction rates and half lives are listed in Supplementary Table S2, and complete 1-10 linker data are 
shown in Supplementary Figure S7. (b) DNA probe length optimization leads to the most effective probes. Fluorescence data of the 13 mer 
F15'tet+13 mer 3'cycpl reaction with 27 mer DNA template [1 uM each in 150mM MOPS (pH 7.5), 25°C] is shown as measured data points 
and fitted curves in green and red, respectively. DNA-templated reaction of 13 mer F15'tet with shorter 7 mer 3'cycpl is shown in grey, with 5 mer 
3'cycpl in brown. Control reaction of 13 mer F15'tet and 13 mer 3'cycpl with no template is plotted in blue, (c) Effect of a single nucleotide 
mismatch on the reaction kinetics depends on the length of the hybridization probe. The mismatch was introducted on the side of the template where 
the 3'cyclopropene-modified probe binds; therefore, reactant cyclopropene oligomers were varied. Hybridization reactions against the fully matched 
27 mer template (labelled 'Matched') and against the singly mismatched 27 mer template (labelled 'Mismatched') were done with 13 mer F15'tet 
reacting with 13 mer 3'cycpl or with 7 mer 3'cycpl (labelled accordingly). Solution conditions were Tris-borate buffer (pH 8.4), 5mM MgCl 2 at 
37°C. (d) Short oligonucleotide probes are equally effective in ligating with an RNA template. The corresponding 27 mer RNA template was used in 
ligating 13 mer F15'tet and 13 mer 3'cycpl as in (c). Reaction kinetics data are listed in Table 1. 



the template, ligation required reactive probes to bridge 
nucleotide gaps of varying length. A gap of a single 
nucleotide resulted in the fastest ligation kinetics 
(Figures lc, 3a, full data in Supplementary Figure S7 
and Supplementary Table S2) and was used for all 
further experiments. We incorporated flexible linkers to 
minimize possible steric constraints during ligation 
(Figure lb and e). Interestingly, the observed distance de- 
pendency of the fluorogenic reaction kinetics provides in- 
formation on the proximity of bound probes, functioning 
as a molecular ruler (Figure 3a, full data in Supplementary 
Figure S4 and Supplementary Table S2). 

Probe ligation kinetics were highly dependent on the 
presence and amount of a matching sequence template 
(Supplementary Figure S9). Hybridization buffer contain- 
ing 1 ttM 13 mer fluorescein-tetrazine (13 mer F15'tet) and 
13 mer-cyclopropenel (13 mer3'cycpl) showed no appre- 
ciable change in fluorescence over time (control data in 



Figure 3b, Supplementary Figures S5 and S9). This is 
expected, as the reaction rate between the corresponding 
tetrazine and cyclopropene precursors was measured to be 
0.37 ± 0.05M _1 s _t with a predicted half-life of 32 days at 
1 liM (Supplementary Figure S4). At 1 |.tM concentration 
of each oligonucleotide probe, the reaction half-life is pre- 
dicted to be ~5 days without template. However, addition 
of 1 uM of a 27 mer template strand resulted in a rapid 
increase in fluorescence owing to template-driven ligation 
and unquenching of the fluorescein probe (Figure 3). The 
reaction half-life for the fastest reaction with 13 mer 
3'cycpl along the DNA template was 36 ± 2 s, with the 
measured fluorescence signal plateauing after ~200s, 
indicating that the reaction was driven to completion. 
HPLC and high-resolution mass spectrometry confirmed 
that the reaction led to the ligation products 
(Supplementary Figures S1-S3). Based on the disappear- 
ance of 13 mer F15'tet and the appearance of product by 



el48 Nucleic Acids Research, 2013, Vol. 41, No. 15 



Page 6 of 9 



LC/MS, we estimate the reaction yield to be ~92% 
(Supplementary Figure S3). Reactant 13 mer F15'tet and 
13 mer 3'cycpl probe melting temperatures were signifi- 
cantly lower (57.4 and 50.4°C, respectively) than that of 
the ligation product (65.8°C). However, the tetrazine/ 
cyclopropene product melting temperature is 9.7°C 
lower than the melting temperature of a 27 mer 
matching DNA sequence (75.5°C), indicating that the 
internal reaction product loop has a slight destabilization 
effect (Supplementary Table SI). 

Fitting the increase in fluorescence over time to an ex- 
ponential growth curve, an observed first order rate 
constant of 0.019 ± 0.001 s -1 was determined for the 
DNA-templated reaction of the two 13 mer probes at 
1 uM. Assuming that the reaction is limited by ligation 
(given the high concentration of DNA), we can estimate 
the effective molarity of the intramolecular reaction to be 
52 mM (calculated as the ratio of the intramolecular rate 
constant over the intermolecular second-order rate of 
0.366 ± 0.005 M _1 s _1 ) (48). This is in line with previous 
estimates of DNA template driven covalent reactions 
which, to the authors' knowledge, are not typically fully 
elucidated (49). Reaction kinetics did not differ between 
DNA or RNA templates, adding to the versatility of this 
reaction (Table 1 and Figure 3b and d). In comparison 
with the 13 mer 3'cycpl, carboxamide construct 13 mer 
3'cycp2 reacts slower with the 13 mer F15'tet in the 
presence of template. This is expected based on previous 
studies and the lower second-order rate constant of 
cycp2 and tet in the absence of DNA (0.003 M _1 s _1 ) 
compared with cycpl. In the presence of DNA template, 
the first-order reaction rate was determined to be 
(3.7 ± 0.3) x 10" 4 s _1 , with a half-life of 1882 ± 132s 
(31min) and an estimated effective molarity of 123 mM 
(calculated as the ratio of intramolecular over the inter- 
molecular rate constant). These reactions may be 
compared with the action of DNA/RNA ligases that 
connect immediately adjoining templated oligonucleotides 
(50,51). Apparent reaction rates at 0.05 uM human ligase 
are in the range of 0.2-6.6 min -1 for phosphodiester 
backbone bond formation, as determined by a single 
fluorophore DNA probe system (52). These rates are, re- 
markably, on the order of the observed kinetics of the 
tetrazine-cyclopropene ligation (k obs 1.1 min -1 for two 
13 mer probe ligation at 1 uM). Owing to linker flexibility, 
the tetrazine ligation setup offers template position 
gap variability, a situation where the ligase-mediated 
reaction could not proceed. 

We also determined the effect of shortening the oligo- 
nucleotide length of cycpl probes. The 7 mer 3'cycpl 
bound less avidly to the template (ligation product 
melting temperature was 59.9°C), but, at 1 uM, still 
reacted rapidly with 13 mer F15'tet with a half-life of 
129 ± 38 s (Table 1). The rate constant increased by 
increasing the concentration of the reaction components, 
indicating that the reaction did not behave like a true first- 
order intramolecular reaction, and that the binding of the 
7mer with the template likely influenced the reaction rate. 
Further reduction of the cyclopropene probe length to a 5 
mer resulted in weak template binding (Table 1 and 
Figure 3b). 



tet a 

cycpl 




' / 


tet , b 

cycpl 
template 

•.# 

SKRRl 20 M m 








Figure 4. Oligonucleotide probe reaction in live mammalian cells. 
SKBR3 (rows a-b) and HeLa (rows c-d) human breast and cervical 
cancer cells, respectively, were incubated with 0.5 uM DNA probes and 
template pre-equilibrated with transfection agents [reaction product 
signals shown in row (b) SKBR3, row (d) HeLa cells]. Images were 
obtained using an Olympus FV1000 confocal microscope. No reaction 
was observed in cells not exposed to a matched 27 nt template [row (a) 
SKBR3, row (c) HeLa cells]. First column shows the 488 nm excitation 
Argon laser signal, followed by a differential interference contrast 
image of cells and an overlay. Scale bars are indicated. 



Importantly, these probes worked robustly in cell media 
containing serum (Table 1). Preincubation of the probes 
for several hours in serum containing media did not 
diminish the intensity of the signal on template hybridiza- 
tion, demonstrating the utility of stable bioorthogonal 
handles (Supplementary Figure S6). This points to the 
possibility of diagnostic and imaging application in live 
cells or tissue samples. As a proof of concept, we have 
performed imaging studies using the synthetic probes 
and live mammalian cell hosts (Figure 4). Templates 
were able to trigger turn-on in live cells and significantly 
increase fluorescence compared with cells where matching 
template sequence was absent. Probe stability is required 
for tracking cellular processes over time and for limiting 
background turn-on when detecting less abundant targets. 
The general practicality of such probes in complex envir- 
onments could enable exciting opportunities in therapeutic 
and diagnostic settings. In addition, other environments 
not amenable to enzymatic approaches, like gels, solvents 
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or non-physiological conditions, may be accessible to the 
minimal probes as described here. 

One of the benefits of in situ probe ligation is the ability 
to discriminate sequences containing a single nucleotide 
mismatch in the template oligonucleotide. This is due to 
the relatively greater impact of a base mismatch on the 
binding of shorter versus longer probes (53,54). We tested 
whether tetrazine ligation is sensitive enough to discrim- 
inate between a single mismatch on the template using 
previously tested conditions (55), optimized to 5mM 
MgCl 2 in Tris-borate buffer at 37°C. One mismatch 
(T to G) was introduced in the template portion that hy- 
bridizes with a cyclopropene probe. We observed a 
reaction rate reduction by an order of magnitude in the 
case of a 7 mer 3'cycpl (Table 1), but, similar to previous 
work, only a moderate difference in the 13 mer 3'cycpl 
(Figure 3c). Additionally, there is 4.5-fold decrease in the 
reaction rate at 25°C in cell media/serum conditions using 
7 mer 3'cycpl (Table 1), indicating that a single-mismatch 
discrimination may be possible in physiological media. 
With respect to signal intensity, this corresponded to a 
~ 10-fold drop in signal intensity after 13min of reaction 
with mismatched template, at which time the matched 
template elicited full reaction in buffer (Figure 3c). 
Probes could also be used to detect a matched sequence 
in the presence of a competing mismatch introduced 
earlier in the text (Supplementary Figure S8). Generally, 
this ligation reaction with a fully matched template or one 
containing one nucleotide mismatch was similarly robust 
in hybridization buffers and physiologically relevant cell 
media when 7 mer 3'cycpl probe was used (Table 1). Such 
selectivity, although likely substitution-specific, highlights 
one potential advantage of in situ ligation of oligonucleo- 
tides, the ability to discriminate between single 
mismatches, which may be useful for applications such 
as single nucleotide polymorphism discrimination. 

Despite the rich history of oligonucleotide-templated 
ligation reactions, we believe that bioorthogonal tetrazine 
chemistry offers unique advantages. The application of 
bioorthogonal chemistry allows the use of rapidly 
reacting chemoselective coupling partners without an ob- 
ligatory increase of background reactions in aqueous 
buffers or physiological media. Other popular ligation 
strategies that rely on nucleophilic displacement or redox 
reactions are limited in their ability to increase ligation 
rates owing to a concomitant increase in background 
side reactions, as biological media contains high concen- 
trations of nucleophiles such as amines and thiols, as well 
as redox active agents. Indeed, the minimal autohydrolytic 
turn-on of the 13 mer F15'tet over a 35 h period 
(Supplementary Figures S4 and S5) points to this 
benefit. Also, previous approaches typically rely on 
separate fluorescent quenchers and reactive probes. The 
dual use of tetrazine as both a fluorescence quencher 
and reactant uniquely simplifies experimental design. 

Rapid reaction kinetics are important not only in the 
presence of off-pathway side reactions or cellular degrad- 
ation but also because the reaction rate determines the 
limit of temporal resolution of target oligonucleotide de- 
tection. For instance, there is significant interest in moni- 
toring the transcriptional dynamics of RNA synthesis and 



degradation (56). Optimal ligation kinetics will match the 
timescales of such processes, which can be on the order of 
minutes in live cells (56). As these ligations are tuneable, 
optimization of linker length and coupling partners may 
further improve kinetics. 



CONCLUSIONS 

We have developed quenched oligonucleotide tetrazine 
probes as well as cyclopropene reaction partners that 
undergo rapid DNA/RNA template-dependent ligation 
with a resultant increase in fluorescence. By confining 
tetrazine and cyclopropene probes in close proximity 
without steric hindrance, the oligonucleotide template 
enforces an effective molarity in the 50-120 mM range, 
depending on the linker constructs used. This large effect- 
ive concentration allows reactions to proceed rapidly only 
in the presence of sequence-specific targets, with minimal 
background reaction in the absence of templates. 
Bioorthogonal reaction-dependent fluorescence quenching 
benefits detection as tetrazines are not prone to 
autohydrolysis. Reactivity of the system can be tuned by 
varying the tetrazine, dienophile, oligonucleotide probe 
length, linker length and template gap width spanning 
the reaction space. Future work will further optimize 
probe properties such as fluorogenic turn-on ratio and 
reaction rate. We predict that short oligonucleotide- 
based templated tetrazine cycloadditions, owing to their 
stability, rapid tunable reaction rates and bioorthogonal 
reactivity, could have a myriad of applications not only in 
the detection and imaging of DNA and RNA in live cells 
or biological samples but also in therapeutic applications 
such as the delivery and in situ assembly of antisense 
probes and therapeutic ribozymes. 



SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online: 
Supplementary Tables 1 and 2, Supplementary Figures 
1-9, Supplementary Methods, and Supplementary NMR 
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